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Summary
The mitochondrial inner membrane harbors com-
plexes of the respiratory chain and translocase com-
plexes for preproteins. The membrane potential gener-
ated by the respiratory chain is essential for ATP
production by the mitochondrial ATP synthase and
as a driving force for protein import [1–7]. It is gener-
ally believed that the preprotein translocases just
use the membrane potential without getting into phys-
ical contact with respiratory-chain complexes [3, 6, 7].
Here, we show that the presequence translocase inter-
acts with the respiratory chain. Tim21, a specific sub-
unit of the sorting-active presequence translocase
[8, 9], recruits proton-pumping respiratory-chain com-
plexes and stimulates preprotein insertion. Thus, the
presequence translocase cooperates with the res-
piratory chain and promotes membrane-potential-
dependent protein sorting into the inner mitochondrial
membrane. These findings suggest a new coupling
mechanism in an energy-transducing membrane.
Results and Discussion
The mitochondrial respiratory chain generates a proton
gradient across the inner membrane that drives the
FoF1-ATP synthase (complex V) [4], transport of metab-
olites [10], and translocation of preproteins [1, 3, 6, 7]. In
budding yeast, proton-pumping respiratory-chain com-
plexes are the bc1-complex (complex III) and cyto-
chrome c oxidase (complex IV) that associate to III-IV
supercomplexes [11, 12]. The major mitochondrial path-
way for import of preproteins involves the translocase of
the outer membrane (TOM complex) and the prese-
quence translocase of the inner membrane (TIM23 com-
plex) [1–3, 5–7]. The TIM23 complex switches between
two modular states, a matrix-translocation form and
a form mediating lateral protein sorting into the inner
membrane [8, 13]. The channel-forming protein Tim23,
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translocase forms, whereas Tim21 is selectively present
in the sorting-competent form TIM23SORT. Tim21 plays
a regulatory role in an early import stage by transiently
tethering TIM23SORT to the TOM complex [8, 9]; how-
ever, its function in preprotein sorting into the inner
membrane is unclear. The matrix-translocation form
TIM23Motor lacks Tim21 but is associated with the import
motor that contains the matrix heat-shock protein 70
(mtHsp70) [1, 3, 7, 14]. Both translocase forms strictly
depend on the membrane potential (Dc) that activates
the Tim23 channel and exerts an electrophoretic effect
on the positively charged cleavable presequences [15–
18]. The further translocation of preproteins into the
matrix by TIM23Motor requires ATP as second energy
source in order to drive mtHsp70 [1, 3, 5, 7, 14, 18]. Pre-
proteins sorted into the inner membrane contain a hy-
drophobic sorting signal, which is located behind the
matrix-targeting sequence and arrests translocation in
the inner membrane [6, 7, 19]. Although preprotein sort-
ing into the inner membrane relies on Dc as the sole en-
ergy source, translocation of presequences (with iden-
tical net charge) by TIM23SORT requires less Dc than
that by TIM23Motor [16, 20]. The reason for this puzzling
observation has been unknown so far.
Tim21 Promotes Preprotein Sorting into the Inner
Membrane at Reduced Membrane Potential
To investigate a role of Tim21 in Dc-dependent steps of
protein import, we gradually lowered the Dc of isolated
mitochondria from wild-type and Tim21-deficient yeast
by the protonophore carbonyl cyanide m-chlorophenyl-
hydrazone (CCCP) [16]. Import of the matrix-targeted
preprotein of F1-ATPase subunit b (F1b), analyzed by
transport to a protease-protected location, was similarly
affected by CCCP in wild-type and tim21Dmitochondria
(Figure 1A). However, the inner-membrane-sorted pre-
proteins of cytochrome c1 and Cox5a were significantly
more resistant to the CCCP treatment in wild-type mito-
chondria than in tim21D mitochondria (Figure 1A). To
determine whether the sorting route of a preprotein
was critical for the Tim21-mediated CCCP resistance,
we compared fusion proteins of D-lactate dehydroge-
nase (DLD) and cytochrome b2 that contained only the
matrix-targeting signal (DLDD-DHFR and b2D-DHFR) or
additionally an inner-membrane-sorting signal (DLD-
DHFR and b2-DHFR) fused to the passenger protein
dihydrofolate reductase. Import of the matrix-targeted
forms was sensitive to CCCP independently of the pres-
ence of Tim21, whereas the inner-membrane-sorted
preproteins showed a differential CCCP dependence
(Figures 1B and 1C). The Dc of tim21D mitochondria,
as assessed by a potential-sensitive fluorescent dye,
was indistinguishable from that of wild-type mitochon-
dria at all CCCP concentrations applied (Figures 1D
and 1E). We conclude that the presence of Tim21 ren-
ders the import of inner-membrane-sorted preproteins,
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Mitochondrial Protein Import at Reduced Dc
(A–C) Radio-labeled preproteins were im-
ported into wild-type (WT) and tim21D yeast
mitochondria in the presence of CCCP as in-
dicated. Samples were treated with protein-
ase K and analyzed by SDS-PAGE and digital
autoradiography. Imported proteins were
quantified with Image Quant 5.2. Values in
the absence of CCCP were set to 100% (con-
trol). SEM was calculated from at least three
independent experiments.
(D) Membrane potential of isolated mitochon-
dria was assessed by the potential-sensitive
dye 3,30-dipropylthiadicarbocyanine iodide
(DiSC3(5)) in the absence and presence of
CCCP.
(E) Quantification of DiSC3(5) fluorescence
quenching by isolated mitochondria. The dif-
ference before and after addition of KCN was
determined for WT and tim21Dmitochondria.
SEM were calculated from at least three inde-
pendent experiments.but not of matrix-targeted preproteins, more resistant
to a reduction of Dc.
Interaction of Presequence Translocase
and Respiratory Chain
To date, it has been assumed that respiratory-chain
complexes and translocase machineries for preproteins
are separate entities in the mitochondrial inner mem-
brane [1, 3, 6, 7, 11, 12]. We now explored the possibility
that Tim21 and the presequence translocase may be
more closely connected to the respiratory chain. The
TIM23 complex was purified from solubilized mitochon-
dria via protein-A-tagged Tim21 [8] and associated pro-
teins were analyzed by immunodecoration. Besides the
subunits of the TIM23 complex, we also copurified sub-
units of complex III (cytochrome c1, Rieske Fe/S protein
[Rip1]) and complex IV (Cox4) but not complex V (F1b)
(Figure 2A). Purification of the carrier translocase
(TIM22 complex) via tagged Tim18 led to isolation of
TIM22 subunits but neither TIM23 subunits nor sub-
units of the respiratory chain (Figure 2A).
Does the TIM23 complex interact with respiratory-
chain subunits in organello or do they only associate
after lysis of mitochondria? First, we generated rho2 de-
rivatives of wild-type and Tim21ProtA yeast strains. rho
2
mitochondria are defective in assembly of respiratory-
chain complexes because of lack of mitochondrially
encoded subunits. Tim21ProtA rho
2 mitochondria were
mixed with wild-type rho+ mitochondria and vice versa
prior to lysis and affinity chromatography as outlined in
Figure 2B. Whereas copurification of Tim17 and Tim23
occurred independently of the rho+ or rho2 state of theTim21ProtA mitochondria, subunits of complex III and IV
where efficiently copurified only when rho+ Tim21ProtA
mitochondria were used, indicating that the prese-
quence translocase associated with respiratory-chain
subunits before lysis. Second, we performed chemical
crosslinking in organello. Radio-labeled Tim21 was im-
ported into wild-type mitochondria. Upon incubation
with disuccinimidyl glutarate (DSG), a crosslinking prod-
uct between Tim21 and Tim23 was generated as ex-
pected [8] (Figure 2C, lane 8). In addition, we observed
a crosslinking product between Tim21 and Qcr6, a sub-
unit of complex III located on the intermembrane-space
side (Figure 2C, lane 5). In contrast, Cor1, a subunit of
complex III located on the matrix side, did not yield
a crosslinking product with Tim21 (Figure 2C, lane 2).
When radio-labeled Tim21 was incubated with mito-
chondria in the absence of Dc, i.e., accumulated at the
outer membrane, neither crosslinking to Tim23 nor
Qcr6 was observed (Figure 2C, lanes 6 and 9). In qcr6D
mitochondria, no crosslinking product was precipitated
with Qcr6 antibodies, demonstrating the specificity of
the antiserum (Figure 2C, lane 14). We conclude that
Tim21 is in proximity of complex III in organello.
If the TIM23 complex interacted with the respiratory
chain, it should be possible to perform the reverse ex-
periment, i.e., copurification of the presequence translo-
case with a tagged respiratory-chain complex. A strain
carrying a TAP-tag on Cor1 of complex III was selected
for this analysis based on its wild-type-like growth
behavior and the integrity of respiratory-chain com-
plexes. Upon solubilization of mitochondria, affinity
chromatography led to copurification of complexes III
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(A) Isolation of TIM23 and TIM22 complexes from digitonin-solubilized mitochondria via protein-A-tagged Tim21 and Tim18 as described in the
Supplemental Experimental Procedures. The samples were analyzed by SDS-PAGE and immunodecoration. AAC, ADP/ATP carrier. Load, 10%;
eluate, 100%.
(B) Tim21ProtA and wild-type mitochondria from rho
+ and rho2 yeast strains were mixed prior to solubilization, affinity purification, and TEV
elution as indicated. Load, 10%; eluate, 100%.
(C) Radio-labeled Tim21 was imported into wild-type or qcr6D mitochondria. After incubation with DSG and quenching, mitochondria were
solubilized under denaturing conditions and subjected to immunoprecipitation (IP). The samples were analyzed by SDS-PAGE and autoradiog-
raphy. The asterisks indicate immunoprecipitated crosslinking products. pTim21, precursor; mTim21, mature.
(D) Isolation of respiratory-chain complexes from digitonin-solubilized mitochondria via TAP-tagged Cor1 as described in the Supplemental Ex-
perimental Procedures. Load and wash, 10% (left panel), 2% (middle and right panels); eluate, 100%. The samples were analyzed by SDS-PAGE
and immunodecoration.and IV as expected (Figure 2D, lane 6). The TIM23 com-
plex was indeed copurified as demonstrated by immu-
noblotting for Tim21, Tim23, and Tim17 (Figure 2D,
lane 15). Remarkably, the import motor, analyzed by im-
munodecoration for mtHsp70 and the inner-membrane
adaptor Tim44 [3, 7, 14], was not present in the eluate
in significant amounts (Figure 2D, lane 15). We conclude
that TIM23SORT is copurified with the respiratory chain.
We asked whether Tim21 itself was involved in the
TIM23SORT respiratory-chain interaction. When Tim21was deleted in the Cor1TAP strain, the copurification of
Tim23 and Tim17 was significantly reduced compared
to Cor1TAP mitochondria containing Tim21 (Figure 2D,
lane 18 versus lane 15), whereas copurification of sub-
units of complexes III and IV was not affected by
Tim21 (Figure 2D, lanes 6 and 9). These results suggest
a role for Tim21 in the interaction of TIM23SORT with the
respiratory chain. (Because small amounts of Tim23-
Tim17 were copurified with Cor1TAP in the absence of
Tim21 [Figure 2D, lane 18], a further subunit besides
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2274Figure 3. The Intermembrane-Space Domain of Tim21 Binds Respiratory-Chain Supercomplexes
Digitonin extracts of mitochondria were incubated with purified intermembrane-space domains of Tim21 (Tim21IMS) and Tim50 (Tim50IMS) and
the cytosolic domain of Tom70 (Tom70CD) and analyzed by SDS-PAGE (A) or blue native electrophoresis (B) and immunodecoration. Load and
unbound, 40%; eluate, 100%. III2/IV2 and III2/IV, supercomplexes of complex III and complex IV; V and V2, monomeric and dimeric ATP synthase.Tim21 may contribute to the TIM23SORT respiratory-
chain interaction.)
The Intermembrane-Space Domain of Tim21 Binds
to Respiratory-Chain Complexes
To analyze whether purified Tim21 interacted with the
respiratory chain, we expressed the intermembrane-
space domain of Tim21 in Escherichia coli cells and
purified it [8]. After binding to agarose beads, the
domain was incubated with solubilized wild-type mito-
chondria. Tim21 pulled out Tom40 as reported [8, 9]
and all subunits of complexes III and IV that were ana-
lyzed (Cor1, Cor2, Rip1, Qcr6, and Cox4) (Figure 3A).
Neither subunits of complex V (F1b, Atp6) nor the control
proteins porin and ADP/ATP carrier were bound by
Tim21. Moreover, the intermembrane-space domain of
Tim50 [13, 20] and the preprotein-binding domain of
the receptor Tom70 did not pull out respiratory-chain
components (Figure 3A).
We used blue native electrophoresis [11, 12] to deter-
mine whether entire respiratory-chain complexes bound
to Tim21. We observed an efficient interaction of III-IV
supercomplexes with Tim21 but neither with Tim50 nor
Tom70 (Figure 3B). Neither monomeric nor dimeric
ATP synthase bound to Tim21. The binding of com-
plexes III-IV to purified Tim21 was so efficient that a sig-
nificant reduction in the unbound fraction was observed
(Figure 3B, lane 2), demonstrating that the majority of
complexes III-IV were pulled out when Tim21 was pres-
ent in large excess over the respiratory-chain com-
plexes. In mitochondria, the abundance of Tim21 is anorder of magnitude below that of respiratory-chain com-
plexes and thus, as shown in Figure 2B, the post-lysis
interaction was of very low yield when the amount of
Tim21 was limiting. We thus quantified the yield of co-
purification under in organello conditions. We analyzed
four different subunits of complexes III and IV and ob-
served a copurification yield of 8% 6 0.5% with tagged
Tim21. Considering the different abundance of Tim21
and respiratory-chain complexes, Tim21 efficiently re-
cruits complexes III-IV in organello. We conclude that
Tim21 is directly involved in formation of a complex
between TIM23SORT and the respiratory chain.
The TOM complex also efficiently bound to purified
Tim21 as expected [8, 9] (Figure 3B, lane 12). Because
Tim21 can interact with the TOM complex, as well as
the respiratory chain, we wondered whether the TOM
complex was also present in the TIM23SORT respira-
tory-chain complex. However, the copurification with
Cor1TAP did not precipitate subunits of the TOM com-
plex (Figure 2D, lane 24), suggesting that Tim21 does
not simultaneously interact with both the TOM complex
and the respiratory chain.
The Tim21 Respiratory-Chain Interaction Is
Functionally Relevant In Organello and In Vivo
To demonstrate that the Tim21 respiratory-chain inter-
action was functionally relevant for driving preprotein in-
sertion, we inhibited the activity of complex III or com-
plex IV with antimycin A or potassium cyanide (KCN),
respectively. The isolated mitochondria were com-
petent in Dc-driven protein import when they were
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ence of antimycin A or KCN, tim21D mitochondria
showed a CCCP sensitivity indistinguishable from that
of wild-type mitochondria (Figures 4A and 4B). Thus,
Tim21 promotes Dc-dependent protein import only
when the respiratory chain is active.
Yeast cells lacking Tim21 were reported to grow like
wild-type cells at 30C [8, 9] (Figures 4C and 4D). At ele-
vated temperature (37C) on nonfermentable medium,
the lack of Tim21 impaired growth of yeast [8]. We asked
whether Dc was critical for the dependence on Tim21
in vivo. We grew yeast cells at 30C in the presence of
a CCCP concentration that causes a partial reduction
of Dc [21] and indeed observed a strong dependence
of growth on the presence of Tim21 on fermentable
and nonfermentable medium (Figures 4C and 4D). These
results agree with the protein-import experiments, indi-
cating that the function of Tim21 is critical in vivo and in
organello when the energetic activity of mitochondria is
limiting.
Conclusions
We report that the sorting-active form of the mitochon-
drial presequence translocase is associated with the
Figure 4. Functional Relevance of Tim21 Respiratory-Chain Interac-
tion In Organello and In Vivo
(A and B) Radio-labeled cytochrome c1 was imported into wild-type
(WT) and tim21D yeast mitochondria in the presence of 40 mM anti-
mycin A (A) or 1 mM KCN (B) and CCCP as indicated. Samples were
analyzed as described in the legend of Figure 1.
(C and D) Yeast cells were grown in fermentable medium (YPD) or
nonfermentable medium (YPG) at 30C in the presence (lower
panels) or absence (upper panels) of 20 mM CCCP. Optical density
(OD) was measured at a wavelength of 600 nm. SEM were calculated
from at least three independent experiments in (A)–(D).respiratory chain. Tim21 recruits III-IV supercomplexes
and promotes Dc-driven protein insertion into the inner
membrane despite a partial uncoupling of mitochondria.
In contrast, the motor-bound form of the presequence
translocase does not interact with III-IV supercomplexes
to a significant degree, and therefore, preprotein trans-
location into the matrix is more sensitive to a reduction
of Dc; here, the ATP-dependent motor drives the com-
pletion of transport. Biophysical studies have implicated
that the proton-motive force is not of identical magni-
tude over an entire energy-coupling membrane but
that local differences can exist, and this leads to zones
of increased membrane potential in the direct vicinity
of proton-pumping complexes [22–25]. The direct cou-
pling of TIM23SORT to the respiratory chain thus explains
the apparently paradoxical observation that the Dc-
dependence of preproteins with identical net charge is
strikingly different depending on the presence of an in-
ner-membrane-sorting signal [16]. In summary, the mi-
tochondrial presequence translocase operates in three
stages, outer-membrane-tethering, inner-membrane-
sorting and matrix-translocation. At each stage, the
translocase is coupled to a different partner. Although
at the first and third stage, the partners TOM complex
and import motor, respectively, are dedicated to protein
import [1, 3, 8, 9, 14], we identified an unexpected part-
ner for the second stage, respiratory-chain complexes
that promote efficient preprotein insertion into the inner
membrane.
Supplemental Data
Supplemental data include Experimental Procedures and can be
found with this article online at http://www.current-biology.com/
cgi/content/full/16/22/2271/DC1/.
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